type at early time points. By day 7, however, the RAS exhibited ratios consistently lower than the other cell types. The results of this study serve as a basis for future studies into the degenerative matrix remodeling in the glaucomatous optic nerve head, and may prove insightful for other tissue engineering applications.
better in vitro tissue models for the study and treatment of disease [Griffith and Naughton, 2002; Sivaraman et al., 2005; Tjabringa et al., 2008] . For example, tissue engineering strategies have been adopted to investigate mechanical loading of bone cells to understand what cues stimulate bone growth [Shimko et al., 2003; Ignatius et al., 2005] , to create blood vessel analogues for preclinical evaluations of stent endothelialization [Cardinal et al., 2006] and to evaluate toxicity using innervated corneal constructs [Suuronen et al., 2004] . Another area of exploration, both in terms of reproducing the physiological and pathophysiological environment, is the development of low oxygen and nutrient models, such as in the study of healing ligaments [Fermor et al., 1998 ], cartilage [Hansen et al., 2001] and hepatocyte transplantation [Smith and Mooney, 2007] . The study of glaucomatous degeneration of the optic nerve head is also well suited for this type of model [Burgoyne et al., 2005] .
Glaucoma is an optic neuropathy characterized by a classic pattern of visual field loss and excavation of the optic nerve head [Burgoyne et al., 2005] . One aspect of glaucomatous damage to the optic nerve head neural and connective tissue may be a cell-mediated response to decreased nutrient and oxygen levels [Hernandez et al., 1989; Hernandez, 2000; Burgoyne et al., 2005] . Intraocular pressure-related stress and strain may directly and indirectly limit nutrient and oxygen levels through a variety of mechanisms, including tissue compression, reduced blood flow within the prelaminar and laminar capillaries as well as altered connective tissue over the life of the patient and within the stages of the disease [Burgoyne et al., 2005] . The support cells of the optic nerve head, including astrocytes, lamina cribrosa cells and fibroblasts, may respond to this change in environment by producing chemical factors that remodel the surrounding connective tissue and damage and eventually kill the axon bundles contained within [Hernandez, 2000] . Additional potential modes of injury include sudden mechanical failure of the supporting connective tissue and acute or chronic ischemic conditions that arise from adverse pressure gradients [Bellezza et al., 2000] .
To model this form of connective tissue damage, we are developing an in vitro mimic of the optic nerve head using tissue engineering principles. Such a model will provide a means to investigate the cell response to nutrient and limited oxygen conditions. As part of this effort, we have found that it is first important to understand how the in vitro experimental conditions relate to the in vivo environment. Many cell types switch to anaerobic-dominated respiration from their normal in vivo aerobic state when cultured [Brand, 1997; Gstraunthaler et al., 1999; Freshney, 2000] . In order to properly interpret experimental results designed to mimic in vivo conditions, particularly those involved in cellular metabolism, it is first necessary to characterize the metabolic state of the in vitro culture. Consequently, the purpose of this study was to determine how porcine lamina cribrosa cells (PLC), porcine scleral fibroblasts (PSC) and rat astrocytes (RAS) respond metabolically to reduced glucose and oxygen levels compared to normal in vitro culture conditions. In vivo oxygen concentrations are much lower than 21% O 2 routinely used. The average concentration of oxygen in tissues is 3% [Csete, 2005] . In the optic nerve head, the oxygen tension ranges between 10 mm Hg (1.3% O 2 ) and 50 mm Hg (6.6% O 2 ) in a manner dependent on proximity to the vasculature and the perfusion pressure [Stefansson et al., 2005a, b] . In this study, we examined how ocular cells cultured under low oxygen (1% O 2 ) respond to glucose-limiting conditions that might occur in the pathophysiology of glaucomatous damage to the optic nerve head. Ocular cells were also examined under 21% O 2 to provide a baseline for comparison with other studies. The results of this study serve as a basis for future studies into the degenerative matrix remodeling in the glaucomatous optic nerve head, and may prove insightful for other tissue engineering applications.
Materials and Methods

Cell Sources
Cells from porcine optic nerve heads and sclera were harvested from eyes obtained within 6 h of death from a local slaughter house. During each stage of the dissection, tissue was transferred to a tissue culture dish containing 15-20% penicillin-streptomycin and 7.5-10% amphotericin B in phosphate-buffered saline (PBS) to prevent bacterial and fungal contamination. Each eye was cleaned of the surrounding tissue. The optic nerve was severed near the base of the sclera and the nerve head removed with a 4-mm biopsy punch. The perimeter and posterior face of each optic nerve head was carefully trimmed with a scalpel blade to minimize cell contamination from surrounding tissues. The remaining optic nerve head tissue was diced into smaller pieces and transferred to T-25 tissue culture flasks containing 6 ml of sterile filtered digestion media, consisting of 3 mg/ml collagenase type I (Sigma, St. Louis, Mo., USA) in Dulbecco's modified Eagle medium (DMEM; Invitrogen, Carlsbad, Calif., USA) supplemented with 10% FBS and 1% Ab/Am (Sigma). Scleral strips were also sectioned and the choroid was removed before transfer to T-25 tissue culture flasks also containing 6 ml of digestion medium. Tissue explants were digested overnight in a humidified incubator set at 5% CO 2 with the remainder air (21% O 2 ) and 37 ° C. The following morning, the contents of each flask were passed through a 100-m cell strainer, centrifuged and washed with PBS 3 times, and resuspended into T-25 tissue culture flasks containing 6 ml of DMEM supplemented with 10% FBS and 1% Ab/Am.
Due to the difficulty of harvesting ocular astrocytes from porcine tissue, another cell source was found. Immortalized rat astrocytes derived from neonatal Sprague-Dawley brains were purchased from ATCC (ATCC No. CRL-2005) . Rat astrocytes were expanded in DMEM supplemented with 10% FBS and 1% Ab/Am. These cells were used both for phenotypic identification and comparison with tissue-derived lamina cribrosa cells and scleral fibroblasts.
Experimental Culture Conditions
Scleral fibroblasts and lamina cribrosa cells were plated for experiments between the 2nd and 5th passages, respectively, in 24-well tissue culture plates at a cell seeding density of 100,000 cells per well. Cells were passaged with a 0.25% Trypsin/EDTA solution (Invitrogen). Rat astrocytes were plated at the 18th passage at the same density. Each well was made to a final volume of 1 ml of DMEM containing 10% FBS and 1% Ab/Am, 5.5 m M glucose, 4 m M glutamate and 1 m M sodium pyruvate. All plates were incubated for 24 h in a humidified incubator under normal cell culture conditions of 37 ° C, 5% CO 2 and 21% O 2 (95% air) for the purpose of allowing the cells to attach and equilibrate. Immediately, after the 24 h equilibrium period, medium was removed and the wells rinsed twice with 1 ml of PBS. To each well, 1 ml of either high or low glucose medium was added (3 for each cell type and medium formulation, see below). Plates were transferred to either a humidified culture chamber maintained at 37 ° C, 5% CO 2 and 1% O 2 or an incubator maintained under normal cell culture conditions of 37 ° C, 5% CO 2 and 21% O 2 . Plates were removed after 12 h, 1 day, 3 days and 7 days.
Two formulations of DMEM, both supplemented with 10% FBS and 1% Ab/Am, were used in this experiment. Our high glucose formulation was Invitrogen/Gibco low glucose DMEM (catalog No. 11885) containing 1,000 mg/l of D -glucose, 584 mg/l of L -glutamine and 110 mg/l sodium pyruvate. This corresponds to 5.5, 4 and 1 m M concentrations, respectively. Our rationale was that in vivo blood glucose concentrations are on the order of 5 m M [Foster and Rubenstein, 1994] and the tissue levels are likely even lower. Our low glucose formulation was sterile-filtered Invitrogen/Gibco no glucose DMEM (catalog No. 11966) containing 584 mg/l of L -glutamine to which 100 mg/l of D -glucose and 110 mg/l of sodium pyruvate were added. The addition of 10% FBS increased the total amount of glucose in the medium to 1.26 m M .
Plates were assayed at 12 h, 1 day, 3 days and 7 days with no medium exchange for the duration of the experiment.
Low oxygen levels in the gas phase were achieved with a commercial low oxygen system (Biospherix Ltd., Redfield, N.Y., USA). An independently regulated culture chamber was contained within an incubator that provided temperature control and was maintained at 37 ° C. Two ProOx controllers regulated the gas phase; one maintained the CO 2 level at 5% and the other the oxygen level at 1% through nitrogen control.
Cell Number
Cell number was determined using a Hoechst 33342 fluorometric assay [Richards et al., 1985; Blaheta et al., 1991] . Briefly, wells were rinsed twice with PBS, and 500 l of Hoechst staining solution consisting of serum-free DMEM and containing 4 g/ml Hoechst 33342 was added to each well. Plates were incubated for 90 min and the fluorescence was measured at an excitation and emission wavelength of 355 and 460 nm, respectively. The fluorescence from each well was then converted to cell number based on predetermined standards curves. Cell number was measured at all time points including the initial time point.
Metabolite Measurements
Medium glucose and glutamate levels were measured fluorometrically with an Amplex Red Glucose/Glucose Oxidase kit (Invitrogen/Molecular Probes, Carlsbad Calif., USA) and Amplex Red Glutamic Acid/Glutamate Oxidase Assay kit. Lactate medium levels were measured with an L -lactic acid assay kit (R-Biopharm, Darmstadt, Germany). Pyruvate concentrations were also determined by employing a well-developed enzymatic assay [Bergmeyer, 1983; Planchet et al., 2005] .
Statistical Analysis
Statistical significance was determined using either a 1-or 2-factor analysis of variance (ANOVA) with a significance level of p ! 0.05. Student-Newman-Keuls post hoc tests were applied where the outcome of an ANOVA indicated significance. Statistical analysis was conducted with StatView statistical software (SAS Institute, Cary, N.C., USA).
Results
Cell Proliferation
PSC cells remained confluent for most culture conditions except the combination of 1% O 2 and low glucose which resulted in substantial cell death by day 3 ( fig. 1 ). Similar trends for the culture conditions were observed for PLC cells. The RAS cells exhibited a higher proliferation rate over a 7-day period, with cell death appearing in the 1% O 2 and low glucose group by day 1.
During the 24-hour seeding period, cell numbers for all 3 cell types increased from the initial cell seeding density of 100,000 cells per well. Cell numbers at t = 0 were 230,000 8 15,000, 420,000 8 30,000 and 160,000 8 40,000 cells per well for PLC, RAS and PSC cells, respectively. Maximum cell numbers occurred at day 3 in high glucose medium and were 390,000 8 40,000, 2,070,000 8 300,000 and 280,000 8 100,000 cells per well for PLC, RAS and PSC cells, respectively.
PLC cell number ( fig. 2 ) was dependent on the initial glucose levels of the medium (p ! 0.0001) but not on the oxygen tension (p = 0.290), as indicated by a 2-factor ANOVA with time as a covariate. In high glucose medium, cell number increased to nearly 400,000 cells per well at day 3 for both oxygen levels. Cell number declined at day 7, particularly for cells in 1% O 2 as evidenced in the micrograph ( fig. 3 ). Day 7 cells exposed to 21% O 2 visually showed no signs of decrease, an observation within the range of standard deviation but in opposition to the mean of the fluorometric measurement. In low glucose medium, cell number at 12 h decreased before increasing at day 1 to a maximum of 240,000 8 10,000 and 320,000 8 10,000 cells per well for 1 and 21% O 2 , respectively. Cell number declined through day 7 to 71,000 8 15,000 and 117,000 8 8,000 cells per well for 1 and 21% O 2 , respectively. A 1-factor ANOVA for oxygen at each time point revealed differences in high glucose medium at day 1 (p ! 0.01) and in low glucose medium at days 1 (p ! 0.001) and 7 (p ! 0.01).
RAS cells followed similar trends as PLC cells ( fig. 2 ). However, a 2-factor ANOVA with time as a covariate indicated that cell number was dependent on both glucose concentration (p ! 0.0001) and oxygen tension (p = 0.0012). Cell number was higher in high versus low glucose and in 21 versus 1% O 2 . In high glucose medium, cell number increased through day 3 to a maximum of 1.2 and 2.1 million cells per well in 1 and 21% O 2 , respectively. As with the PLC cells, cell number declined by day 7, but more so for RAS cells in 1% O 2 . In low glucose medium, cell number increased at day 1 to a maximum and then declined through day 7. Under 1% O 2 the increase was less and the decline greater than under 21% O 2 . A 1-factor ANOVA for oxygen at each time point showed a significant difference in high glucose medium at day 3 (p ! 0.01) and in low glucose medium at days 1, 3 and 7 (p ! 0.001, p ! 0.0001 and p ! 0.0001, respectively).
A 2-factor ANOVA indicated that PSC cell numbers were dependent on glucose (p = 0.0014) but not oxygen (p = 0.630). In high glucose medium, cell number increased to a maximum through day 3 and declined at day 7. In low glucose medium, maximum cell number occurred at day 1 and decreased through day 7. However, Fig. 3 . Representative phase contrast micrographs for PLC and RAS cell groups at day 7. RAS cells, due to their higher proliferation rate, followed the pattern observed in PSC cells at an accelerated rate with cell death appearing in 1% O 2 and low glucose by day 1. Scale bars = 250 m.
unlike the PLC and RAS cells, the decrease in cell number at day 7 under 1% O 2 was less severe as evidenced by both the micrographs (data not shown) and fluorometric data ( fig. 2 ) . A 1-factor ANOVA for oxygen at each time point demonstrated significance in both high and low glucose medium at day 1 (p ! 0.01).
Comparisons in cell number between the 3 cell types were conducted by normalizing cell number at each time point to the initial cell number measured at t = 0 ( fig. 4 ) . A 1-factor ANOVA for a difference in cell type, followed by a Student-Newman-Keuls post hoc test, was conducted at each time point for all 4 culture conditions (p ! 0.05). Cell proliferation was more pronounced in RAS cells compared to PLC and PSC cells. For all 3 cell types, peak cell numbers were realized at day 3 in high glucose medium and at day 1 in low glucose medium, regardless of the oxygen levels. However, the magnitude of this increase did depend on the oxygen level for RAS cells. For most conditions, PLC and PSC growth trends were indistinguishable from each other. Significant differences (p ! 0.05) coincided with peak cell number for 1% O 2 , high glucose at day 3 and 21% O 2 low glucose at day 1. In addition, significant differences occurred for 1% O 2 and low glucose at days 3 and 7.
Metabolite Levels
Glucose was consumed in a culture and cell type-dependent manner ( fig. 5 ). PLC and PSC cells consumed glucose faster in 1 than 21% O 2 . For PLC cells cultured in 1% O 2 , glucose in the high glucose medium was depleted RAS glucose levels were exhausted by days 3 and 1 for high glucose and low glucose medium, respectively, for both oxygen levels. The data likely did not reflect an oxygen-dependent difference because the time interval between measurements did not have sufficient resolution due to higher rates of RAS proliferation and glucose consumption compared to the other 2 cell types.
PSC glucose levels followed similar trends to the PLC cells in that glucose was consumed at a slower rate at 21% O 2 compared to 1% O 2 . However, more glucose remained in the medium of PSC cells than in PLC cells at the same culture conditions and time points. In high glucose medium, and in 1% O 2 , no glucose remained at day 7 (1.47 8 0.05 m M remained at day 3). In 21% O 2 , approximately 40% of the initial glucose, or 2.35 8 0.07 m M glucose, still remained at day 7. Similarly, at day 1 virtually no glucose remained in low glucose medium in 1% O 2 but more than half the initial glucose (0.68 8 0.03 m M ) remained in 21% O 2 .
Glutamate levels in the medium for all 3 cell types initially began at 0.37 m M and decreased after 12 h to levels ranging between 0.06 and 0.11 m M ( fig. 5 ). For the most part, the concentration of glutamate hovered around 0.1 m M , fluctuating between 0.27 and 0 m M , over the course of the experiment. In 1% O 2 , no glutamate was detected on day 7 in either high or low glucose medium for both RAS and PSC cells. For PSC cells in 21% O 2 , no glutamate was found on day 7 in either medium formulation.
Pyruvate levels oscillated around 1 m M , the initial medium concentration, for all 3 cell types ( fig. 5 ) . Pyruvate decreased by day 7 for all groups except PLC cells in 1% O 2 and low glucose (1.08 8 0.11). Of the 4 conditions, 21% O 2 and low glucose resulted in the lowest pyruvate concentrations at day 7: 0.39 8 0.17, 0.38 8 0.16 and 0.18 8 0.12 m M for PLC, RAS and PSC cells, respectively.
Lactate production was dependent on glucose levels and oxygen concentrations and followed similar patterns for all 3 cell lines ( fig. 5 ). The amount of lactate produced at each time point coincided with the amount of glucose consumed, with the largest production rates occurring during periods with the highest glucose consumption. As expected, more lactate was produced in high glucose medium compared to low glucose medium. In addition, for the same initial glucose concentration, more lactate was produced in 1 than 21% O 2 . Interestingly, in 21% O 2 lactate decreased at day 7 in low glucose medium for all 3 cell types. Lactate also decreased in 21% O 2 in high glucose medium for RAS cells.
The total amount of lactate produced to glucose consumed ratio ( ⌬ L/ ⌬ G) varied with condition and cell type over time ( table 1 ) . At day 1, ⌬ L/ ⌬ G ratio remained near 2 in the high glucose medium for both oxygen tensions. This ratio was lower in low glucose medium, but more so in 21 than 1% O 2 . At day 7, the ⌬ L/ ⌬ G ratio decreased for most conditions. The lowest ⌬ L/ ⌬ G ratio occurred in 21% O 2 in low glucose medium. Lower ⌬ L/ ⌬ G ratios were also found in 21% O 2 and high glucose and 1% O 2 and low glucose. The ⌬ L/ ⌬ G ratio in 1% O 2 and high glucose changed little from day 1.
Discussion
When testing a hypothesis regarding a cellular response to reduced oxygen and nutrient levels, it is important to characterize metabolism under the experimental conditions and understand how this relates to the in vivo environment. In the case of primary open angle glaucoma, several potential mechanisms could result in reduced nutrient and oxygen levels as well as the observed remodeling of the lamina cribrosa connective tissue. Two cell populations are believed to maintain the lamina cribrosa: lamina cribrosa cells and astrocytes. Lamina cribrosa cells are connective tissue cells believed to differ from scleral fibroblasts [Clark et al., 1995] . For this reason, we designed this study to compare all 3 cell types to determine their response to stressful culture conditions. This was achieved by measuring the amounts of glucose, lactate, pyruvate and glutamate remaining in the medium over 7 days for 4 different culture conditions and 3 dif- and high glucose as well as 21% O 2 and low glucose. These data will provide a baseline for the further development of in vitro models of the optic nerve head. Such models will help elucidate the interaction between mechanical loading and the often concomitant decrease in nutrient transport.
The concentration of several metabolites in the medium changed over the course of the experiment. Glucose levels decreased in a manner dependent on the oxygen level and the cell number. More glucose remained at the same time points in 21% O 2 compared to 1% O 2 even though more cells were present in 21 than 1% O 2 . This suggests that in 21% O 2 some fraction of glucose was utilized aerobically. Between cell types, more glucose remained in PSC than in PLC or RAS culture medium at the same time points. Due to the nature of the experiment, it was not possible to properly normalize glucose consumption to cell number so that direct comparisons in glucose utilization could be made. However, lower PSC cell numbers relative to the other cell types over the course of the experiment suggest that cell number was the principal reason why glucose remained in PSC cultures longer. Interestingly, the transformed RAS cells were the only group to exhibit a dependence on oxygen, although this too was likely a function of cell number.
Glutamate levels remained low or nonexistent over the course of the experiment. However, without knowledge of glutamine levels, it is difficult to interpret these results. Both low and high glucose medium initially contained 4 m M glutamine. But glutamine is unstable and spontaneously deaminates into glutamate over time. Glutamine is either incorporated directly into anabolic events or utilized metabolically, where it is converted to glutamate and proceeds through the tricarboxylic acid cycle (TCA). Furthermore, some reports suggest that when glucose levels are low, glutamine becomes the primary energy source [Zielke et al., 1978] .
Pyruvate levels fluctuated near the initial concentration of 1 m M for much of the experiment. The greatest decrease in pyruvate coincided with conditions where no glucose remained and sufficient oxygen was available (low glucose 21% O 2 day 7). Consumption of pyruvate through the TCA cycle seems the most likely explanation for the decrease under these conditions.
High levels of lactate were produced for all conditions, indicating that once glucose had proceeded through glycolysis, the majority of pyruvate was converted to lactate rather than oxidatively metabolized through the TCA cycle and oxidative phosphorylation. Higher lactate levels were produced in 1 than 21% O 2 , lending further support to the notion that some glucose was utilized aerobically. Furthermore, lactate levels at later time points began to decline in 21% O 2 when glucose was absent, suggesting that the cells were forced to consume the lactate aerobically. This same response was not apparent in 1% O 2 . Cell micrographs (data not shown) at this oxygen level show cell death occurring by day 7, suggesting that not enough oxygen was available to sustain the cells through aerobic respiration. Higher ⌬ L/ ⌬ G ratios were found in high glucose medium compared to low glucose medium at day 1. In addition, a greater reduction in this ratio occurred at day 7 in 21 than 1% O 2 , indicating that, while reduction to lactate dominated, more glucose was oxidatively metabolized by cells in 21% O 2 .
The results of this study are consistent with reports in the literature [Neermann and Wagner, 1996; Gstraunthaler et al., 1999; Obradovic et al., 1999; Europa et al., 2000] . High glucose levels often result in higher glucose consumption rates with 80-90% conversion to lactate [Europa et al., 2000] . At lower glucose levels there is a reduction in the glucose consumption rate, and a larger fraction of the glucose is completely oxidized to carbon dioxide if enough oxygen is present [Zielke et al., 1978; Europa et al., 2000] . At very low glucose concentrations the glucose consumption rate and the ⌬ L/ ⌬ G ratio decrease, but the specific oxygen consumption rate increases [Hu and Oberg, 1990] . Furthermore, once glucose levels are depleted, lactate is reutilized in an oxygen-dependent manner [Gstraunthaler et al., 1999] .
Many in vitro cell cultures primarily derive energy from glucose through glycolysis rather than complete oxidation through TCA and oxidative phosphorylation for reasons that remain unknown. Brand [1997] proposed that the transition to aerobic glycolysis, a term referring to the degradation of glucose to lactate in the presence of oxygen, reduces mitochondrial glucose oxidation and protects the cells against oxidative stress during critical phases of biosynthesis and cell division. Since the vast majority of cell cultures involve maintaining proliferating cells, this hypothesis would explain why aerobic glycolysis dominates respiration.
Restoration of aerobic respiration to in vivo levels is a necessary step towards developing more representative in vitro culture models. Several studies have reported that the effects of changing certain culture parameters affected the ⌬ L/ ⌬ G ratio. For example, Obradovic et al. [1999] found that chondrocytes cultured on polymer scaffolds in a rotating bioreactor predominantly respired anaero-bically, although to a lesser extent in 21% O 2 ( ⌬ L/ ⌬ G 1.65-1.79) compared to 5% O 2 ( ⌬ L/ ⌬ G 2.2). When medium was replaced less frequently, a reduction in glucose consumption and lactate production was observed. Gstraunthaler et al. [1999] improved ⌬ L/ ⌬ G by decreasing the medium height or using roller bottles to improve oxygenation in their renal epithelial cultures. Europa et al. [2000] significantly reduced MAK cell lactate production by reducing glucose levels. An initial glucose concentration of 556 M maintained at a set point of 277 M in fed-batch culture resulted in a ⌬ L/ ⌬ G of 0.21 approximately 105 h after the start of the experiment and coinciding with when the cells had passed the exponential growth period. Continuous culture was initiated further reducing ⌬ L/ ⌬ G to a steady state value of 0.04, a marked improvement from ⌬ L/ ⌬ G of 1.36 for the control.
PLC and PSC cells were isolated from tissues obtained within 6 h of animal death. Even though the eyes were kept on ice until the isolation process could begin, cells within the tissue were subjected to a nonphysiological environment for several hours. Thus, the cells obtained could represent a subpopulation of stress-resistant cells atypical of the population in the optic nerve head. Most studies in the field, including the seminal study of Hernandez et al. [1988] , in which lamina cribrosa cells were first identified, isolated the cells from tissues with even longer harvest times (for example, 8 h [Hernandez et al., 1988] and 24 h [Lambert et al., 2001] ). The astrocytes used in this study were obtained from an established cell line, and were not subjected to the stresses from harvest. The astrocytes followed the same trends as PLC and PSC cells, suggesting that if stress-resistant cells were harvested, they responded in the same manner as an established cell line.
The results of this study demonstrated that our current in vitro model does not reflect in vivo cellular metabolism. All 3 cell types predominantly utilized glucose through aerobic glycolysis. Immediate improvements should be possible by reducing the glucose concentration in the medium, switching to a fed-batch operation where medium is replaced on a regular basis, and bringing the cultures to a nonproliferative steady state. Better oxygenation may be necessary but caution should be exercised to maintain levels below the point of toxicity. Once these medium parameters have been optimized to reduce ⌬ L/ ⌬ G to aerobic levels, the effect of low oxygen on the response of cells can then be explored.
